In recent years, the application of biochar to remove contaminants from aqueous solutions has become interesting due to favorable physical/chemical properties and abundant feedstocks. Herein, activated biochar was prepared by carbonization and further KOH activation using pomelo peel as a precursor. A series of characterization methods indicated that activation temperature can significantly influence the pore structure and surface chemistry of the obtained activated biochar. When used as a sorbent, the results showed that the adsorption isotherms of carbamazepine (CBZ) onto these activated biochars could be described well by Langmuir models. In addition, the kinetics of CBZ adsorption onto activated biochars were fitted well by pseudo-second-order kinetics and controlled by the intra-particle diffusion.
Introduction
Pharmaceuticals are widely used in the treatment and prevention of human and animal diseases. 1 The annual consumption of pharmaceuticals per capita is estimated to be about 15 g in the world, and is 50-150 g in industrialized countries. 2 The occurrence of these compounds in the aquatic environment has received growing attention in recent years due to their possible threats to human and animal health.
3 Carbamazepine (CBZ) is a typical antiepileptic drug, and is widely used to treat epileptic seizures and nerve pain around the world with more than 1000 tons of annual consumption. 2 It is estimated that the release rate of CBZ into water bodies is around 30 tons per year. Previous research 4 has revealed that CBZ may result in a decrease in the number of platelets, granulocytes, and leukocytes. Moreover, long term intake of CBZ could cause liver and kidney failure. CBZ is electrically neutral at typical pH values of drinking water and its log K ow ¼ 2.45 shows that CBZ is relatively hydrophilic 5 and does not easily attach to sludge and can stably remain in the aqueous phase.
2 Furthermore, CBZ is resistant to biodegradation at low concentrations, 2 and is very slowly degraded by sunlight. 6 As a result, CBZ is one of the most commonly detected pharmaceuticals in the aquatic environment throughout the world, even in the raw water sources of drinking water treatment plants. 7, 8 However, the removal efficiency of CBZ from water in wastewaters treatment plants is lower than 10%.
2 Therefore, it is necessary to develop new physical/chemical techniques for effective removal of CBZ from the water. Recently, adsorption process [9] [10] [11] and advanced oxidation technology 12, 13 have been evaluated for the treatment of CBZ-containing water because of its hydrophilicity and susceptibility to oxidative processes, respectively. Compared with the advanced oxidation methods with incomplete mineralization and sometimes the harmful transformation products, 14 the adsorption process is more attractive due to its easy handling process, high efficiency, and environmental friendliness. 11, 15, 16 In addition, adsorption can be used to study the accumulation of organic micropollutants in the solid liquid interface.
Various adsorbents, such as carbonaceous nanomaterials, 11, 15, 17 smectite clays, 18 and imprinted polymers 19 have been studied for the adsorption removal of CBZ from water. Due to their high specic surface area and high chemical/thermal stability, carbon nanomaterials as sorbents have shown high capacity and affinity for CBZ in aqueous solution. 10, 11, 15, 17, 20 For example, carbon nanotubes have high adsorption capacity of CBZ up to 7910 mg g À1 (calculated from Polanyi-Mane model) due to their graphene surface and high specic surface area and micro/mesopore volume. 16 Graphene oxide exhibited high adsorption capacity of 215 mg g À1 for removal of CBZ from aqueous solution. 15 However, it is difficult to use these emerging carbon nanomaterials for removal of pharmaceuticals from water on a large scale because of their high price.
Recently, biochar, derived from waste biomass, has attracted great attention for purication of water sources due to their high porosity and capability of adsorbing different inorganic and organic pollutants.
11,21, 22 Jin et al. reported 23 that biochar derived from municipal solid wastes showed the adsorption capacity of 24.49 mg g À1 for As(V) from aqueous solution. Pine cone derived biochar by slow pyrolysis was used to removal of organic and inorganic pollutants from aqueous solution, and the Langmuir maximum adsorption capability was found to be 106.4 and 117.7 mg g À1 for methylene blue and nickel ions, respectively. 24 The adsorption of pharmaceuticals in reclaimed water desalination concentrate using biochar was studied by Xu's group, 25 and the results showed that the adsorption capacity of pharmaceuticals was affected by their physicochemical properties of biochar, as well as hydrophobicity, p-energy, and speciation of pharmaceuticals. To further enhance the adsorption performance of biochar for removal of contaminants in water, some effective approaches, including nanonization, surface modication, and activation of biochar, are attracting great interest. 11, 21, 22 To prepare biochar nanoparticles can effectively increase available sites for adsorption, which signicantly increase the adsorption capacity and accelerate adsorption kinetics.
11 However, the nanoparticles are much difficult to recover from the water. The purpose of surface modication is, on the one hand, to enhance the adsorption capacity of sorbents, 22 on the other hand, to provide the selectivity to the sorbents. 26 Amino modication of biochar showed high adsorption capacity of copper ions from synthetic wastewater, which was ve-folds of the pristine biochar.
22 Chitosan-pyromellitic dianhydride modied biochar had strong selective adsorption of Cu(II).
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However, the surface modication of biochar generally needs cumbersome steps, which inhibits its practical application in treatment of wastewater. Therefore, the activation is a more suitable and efficient method to improve the adsorption performance of biochar in comparison of the nanonization and surface modication. The activation could signicantly increase the specic surface area and pore volume of biochar, which would obviously increase the available adsorption sites and promote the diffusion rate of contaminants. 21 Therefore, in this study, activated biochar was prepared using waste pomelo peel as precursor by a simple pyrolysis method and further KOH activation. The morphology, structure, and surface chemistry of the pomelo peel-derived activated biochar were characterized, respectively. The adsorption behavior of pharmaceutical CBZ on the produced biochar from aqueous phase was investigated by the analysis of adsorption isotherms, kinetics and thermodynamics. In addition, the effect of solution pH, ion strength on the adsorption capacity was studied. Finally, the adsorption mechanism of CBZ on the obtained biochar was discussed.
Materials and methods

Materials
Waste pomelo peel was obtained from the local fruit shop. Anhydrous ethanol, potassium hydroxide and concentrated hydrochloric acid (37%) were purchased from Xilong Scientic Co., Ltd (China). CBZ was purchased from Aladdin (Shanghai, China), and its physicochemical properties are listed in Table 1 . All chemicals were A.R. grade and used without further purication.
Synthesis of biochar and activated biochar
In a typical process, biochar was prepared by carbonization of pomelo peel at 400 C for 1 h with a heating rate of 5 C min
À1
under N 2 ow of 100 cm 3 min À1 . Aer then, the pomelo peelderived biochar was mixed with the same amount of KOH in aqueous solution. Aer drying at 80 C for 24 h, the obtained solid samples were placed in a nickel crucible and further activated at pre-set temperature (600, 700, 800, 900 C) for 2 h with a heating rate of 5 C min À1 under the protection of N 2
atmosphere. Finally, the as-obtained biochar (B-400) and activated biochar samples (AB-600, AB-700, AB-800 and AB-900) were washed with 1 M HCl to remove any inorganic impurities, and then washed thoroughly with distilled water until pH z 7 and dried at 80 C for 24 h.
Characterization
Phase and morphology of the as-prepared biochar were analyzed by Bruker X-ray diffraction (XRD, D8 Advanced) at a scan rate of 4 min À1 , FEI scanning electron microscope (SEM, Quanta 450) at 10 kV, and FEI transmission electron microscope (Talos F200X) at 100 kV. The specic surface areas and pore size distributions were studied by nitrogen adsorption-desorption isotherms, which were obtained on a TriStar II 3020 surface area & pore size analyzer (Micromeritics). The surface zeta potential of biochar was measured by Malvern Nano-ZS90 Zetaszier. The surface chemistry of biochar was studied by X-ray photoelectron spectra (XPS) on an Axis Ultra (Kratos) XPS spectrometer. Thermogravimetric (TG) curve was obtained on a TG analyzer (Q600, TA Instruments) under nitrogen (100 cm 3 min À1 ) with the temperature rate of 5 C min
À1
.
Adsorption isotherm
Sorption isotherms were obtained as followed. 10 mg of sorbent was added into the conical asks with 50 mL CBZ aqueous solution with the concentration (C 0 ) from (10 to 100 mg L
À1
), then these asks were put into an orbital shaker at 180 rpm under pre-set temperature for 24 h. The effect of pH on CBZ adsorption was studied by varying the pH of CBZ solution (100 mg L
) in the range of 2.0 to 12.0 using HCl (0.1 mol L
) and NaOH (0.1 mol L
) solutions. Aer reached adsorption equilibration, the sorbent was removed using 0.22 mm membrane lters, and then the residual CBZ in solution was examined by UV spectrophotometer (Hitachi U-3010/3310) at 285 nm.
The quantity of organic contaminants absorbed on per unit mass of sorbent was calculated by the following equation:
The maximum adsorbed amount, Q m (mg g À1 ), the amount adsorbed at the equilibrium, Q e (mg g À1 ), and the adsorbed amount of CBZ at time t onto APPC, Q t (mg g À1 ), were calculated by the equation, where C 0 , C e and C t (mg L
) are the initial concentrations of CBZ at the equilibrium and at the time t respectively. V is the volume of the solution, and m is the weight of sorbent.
Adsorption kinetic
The adsorption kinetics of CBZ on biochar were revealed as followed. 200 mg of biochar was added into a 1000 mL CBZ solution (100 mg L À1 ) with constant magnetic stirring at 25 C.
Then, 1.5 mL of the solution sample was collected at a predetermined time interval and immediately ltered to remove the sorbent with a 0.22 mm membrane lters. The concentrations of CBZ in aqueous solution were analyzed by UV spectrophotometer at 285 nm, respectively.
Effect of ion strength
10 mg of sorbent of AB-700 was added into the conical asks with 50 mL 100 mg L CBZ solution containing Na + ions with the concentration from 0.005 to 0.02 M, which placed into the temperature-controlled shaker at 25 C shaken at 180 rpm for 48 h. Aer reached adsorption equilibration, the sorbent was removed using 0.22 mm membrane lters, and then the residual CBZ in solution was examined by UV spectrophotometer (Hitachi U-3010/3310) at 285 nm.
Reuse of sorbent
200 mg adsorbent of AB-700 was added into the beaker containing 1 L CBZ solution (100 mg L À1 ) under constant magnetic stirring at 25 C for 24 h. Aer the adsorption equilibrium, the adsorbent was removed by a 0.22 mm lters, and the concentrations of residual CBZ in the solution were analyzed by UV spectrophotometer at 285 nm, then, the recycled black powder was calcined at 350 C under nitrogen, the TG curve (
shows that CBZ is almost completely decomposed when the temperature reaches about 330 C. This whole process was repeated for three times.
Results and discussion
Characterization
Fig. S2 † shows typical SEM images of B-400 and AB-800 biochar from pomelo peel. As we can see, it is almost no difference in the morphology for the pristine biochar and activated biochar. Both are micro-sized particles. Fig. 1 shows the XRD patterns of pristine and activated biochar from pomelo peel. Pristine biochar and activated biochar have two bread-like peaks at about 2q ¼ 24 and 42 , which indicates the characteristic of amorphous. 27 The diffraction intensity of activated biochar in the low angle region is relatively large, indicating that they possess abundant micropores.
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The nitrogen adsorption-desorption isotherms and the poresize distribution of as-prepared biochar samples are presented in Fig. 2a and b, respectively. The isotherm of B-400 is typical type IV with H4 hysteresis loops, which indicates mesoporous structure. It mainly comes from the removal of inorganic impurities, such as SiO 2 . For the AB-600, AB-700, AB-800 and AB-900, the nitrogen gas adsorption increased quickly at low pressure area (P/P 0 < 0.05) and then reached to adsorption plateaus, indicating the existence of main microporous. The increasing hysteresis loops in AB-700, AB-800 and AB-900 at the medium pressure phase indicate that the mesopores were produced and grown in number with the increasing activation temperature. The specic surface areas and pore volumes of pristine biochar and activated biochar, calculated from the corresponding nitrogen adsorption-desorption isotherms using the Brunauer-Emmet-Teller (BET) model and density functional theory (DFT), respectively, are shown in Table 2 .
Under the protection of inert gas, there will be chemical reaction between KOH and biochar at low temperature of 400-600 C,
In the above process, the micropores will appear. With the increasing of temperature, KOH is completely consumed and the resulting K 2 CO 3 and K 2 O can further activate the carbon material by the following reaction:
At high temperature, the K 2 CO 3 and K 2 O were reduced to elemental potassium by carbon. Meanwhile, the consumption of carbon can improve pore structure of our biochar. If the activation temperature is higher than the boiling point of potassium, there will create new pores. In the activation of our biochar, the specic surface area (S BET To further observe the microstructure, the typical TEM and high-resolution (HR) TEM images of as-prepared AB-700 are presented in Fig. 3 . From the TEM image shown in Fig. 3a , carbon submicron particles can be clearly observed. As shown in Fig. 3b , we can see the disordered texture of the obtained carbon material. No evident lattice fringe can be found in the HRTEM (Fig. 3c) . The selected-area electron diffraction (SAED) pattern in Fig. 3d suggests the amorphous feature of our as prepared carbon material. Meanwhile, the typical TEM images of AB-600 are shown in Fig. S3 † for comparison. It can be seen from the Fig. 3 and S3 † that the difference of microstructure between AB-700 and AB-600 is not obvious, even though the signicant difference of specic area and pore volume from N 2 adsorption-desorption isotherms presented in Fig. 2 .
The surface chemistry of activated biochar was important for their adsorption performance. The XPS spectra of AB-600, AB-700, AB-800 and AB-900 are shown in Fig. 4 . We can see that there have carbon, oxygen, and nitrogen on the surface of activated biochar, and the atomic concentrates are listed in Table S1 . † It indicates that the concentrates of oxygen and nitrogen in the surface of activated biochar decrease with the increase of activation temperature.
Adsorption isotherms
The adsorption isotherm describes the relationship between the residual concentration of the adsorbate in the liquid phase and the adsorption concentration on the surface of the adsorbent at a certain temperature. The adsorption isotherm is important for determining the adsorption behavior of an adsorbent. Fig. 5a shows the adsorption isotherms of CBZ onto produced biochar at 298 K and pH ¼ 4.4. For the sorbents of B-400 and AB-600, with the increase of CBZ initial concentration, the adsorption capacities increased gradually, and then the increasing trend was gradually slow, and the adsorption was stable, indicating adsorption saturation nally. In comparison of B-400 and AB-600, the adsorption capacities of CBZ onto AB-700, AB-800 and AB-900 increased rapidly with the increase of the CBZ initial concentration. Then, the adsorption of CBZ on AB-700, AB-800 and AB-900 reached adsorption equilibrium. At low concentrations, the slope of the curve is large, indicating that there are many active sites on the surface of the activated biochar. When the concentration is increased, the curve tends to level.
To further explore the interaction of adsorbate with adsorbents and the structural characteristics of adsorption layer, three isothermal models including Langmuir, Freundlich, and Dubinin-Radusckevich (D-R) were used to t the adsorption data, and the corresponding equations are given:
Langmuir model:
Freundlich model:
where Q m (mg g
À1
) is the maximum capacity of CBZ, Q e (mg g À1 )
is the equilibrium adsorption amount at CBZ equilibrium concentration
is the initial concentration of CBZ, R L is the separation factor (or balance coefficient). K f is the Freundlich coefficient constant and n is the linearity index; K DR ((mol kJ À1 ) 2 ) is the activity coefficient related to the adsorption energy; 3 is the Polanyi potential; R is the ideal gas constant (8.314 J mol À1 K À1 ), T (K) is the absolute temperature and E (kJ mol À1 ) is the mean adsorption energy.
The linear tting results of Langmuir, Freundlich and D-R models are shown in Fig. 5b, c and d , respectively. The parameters of the Langmuir, Freundlich and D-R models were calculated and were given in Table 3 . The results show that the adsorption isotherms of CBZ onto produced biochar tted well with Langmuir model, suggesting that the adsorption of CBZ can be recognized to be a monolayer adsorption process. The maximum adsorption capacity (Q m ) of CBZ on the nonactivated biochar and activated biochar active at 298 K is 14.75, 80.64, 286.5, 234.2, and 142.5 mg g À1 for B-400, AB-600, AB-700, AB-800, and AB-900, respectively. The hypothesis of Langmuir model is that adsorption is the single layer adsorption, all adsorption sites are the same, and the adsorption particles are completely independent. 29 The essential feature of Langmuir isotherm is R L , which is a dimensionless equilibrium parameter and can effectively reect the characteristics of the isotherm and the nature of adsorption.
30 R L ¼ 0 indicate that adsorption is irreversible. R L is between 0 and 1, suggesting favorable adsorption for all the initial concentrations and the temperatures. R L ¼ 1 shows that the adsorption is reversible, and the adsorption isotherm is linear. Otherwise, a value of R L > 1 indicates unfavorable adsorption. Herein, all R L in our experiment is between 0 and 1, indicating that the CBZ adsorption on our as-prepared biochar is favorable. 
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The superb adsorption capacity of the activated biochar could be due to the relatively large specic surface area, large pore volume and mesoporous structure, providing many exposed active sites and accessible diffusion pathways for the transportation of molecules. The adsorption capacity of AB-700 is up to 286.5 mg g À1 , which is much higher than other biochar and carbonaceous nanomaterials (see Table 4 ). Fig. S4 † shows the relationship of pore structure and the adsorption capacity. It can be observed that the Q m of CBZ increases with the increasing specic surface area and pore volume (Fig. S4a †) , which indicates that the higher specic surface area and pore volume can provide more effective adsorption sites for CBZ. In addition, the utilization efficiency of pore, presented in Fig. S4b , † shows a triangular shape, indicating that the pore structure of biochar could affect the adsorption of CBZ. The highest utilization efficiency of AB-600 could be mainly attributed to its smallest pore-size (0.87 nm) in all sorbents, which is consistent with the previous studies that the smaller pore has more active in physical adsorption and they create high-energy physical adsorption centres.
9,31 Although the pore-size and V micro of AB-700 and AB-800 are almost the same, the adsorption capacity (286.5 mg g À1 ) of AB-700 is obviously higher than that of AB-800 (234.2 mg g À1 ). It implies that the mesopore and the surface functional groups presented in the biochar are important in the adsorption of CBZ.
Adsorption kinetics
Adsorption kinetic is generally used to estimate the rate of adsorption and provides valuable insights for the adsorption mechanism.
26 Fig. 6a shows the inuence of the contact time on the adsorption of CBZ onto pristine and activated biochars derived from pomelo peel, respectively. It can be observed that the adsorption amount of CBZ on the as-prepared biochars increased rapidly in the initial dozens of minutes, and then slowed down until the adsorption reached equilibrium with 6 h. It indicated that the adsorption of CBZ occurred in two steps, including rapid adsorption of CBZ to the surface of biochars and slow diffusion in the biochars interior. The fast adsorption rates in the initial step could be attributed to the surface physical sorption (p-p interactions), which is facilitated by lots of active sites at the surface of the biochars and the accessible diffusion pathway in the mesoporous domains. When these surface-active sites were occupied, the adsorption process slowed down and the adsorption rates were limited by the diffusion of CBZ molecules from liquid to the inner-pores of the biochar due to the longer diffusion distance and the larger diffusion resistance. In addition, the rst step occurred within 30, 50, 80, 120 and 150 min for B-400, AB-600, AB-900, AB-800 and AB-700, respectively, which could be attributed to the surface properties of biochar. It indicates that the effective surface adsorption sites for CBZ follow the order of AB-700 > AB-800 > AB-900 > AB-600 > B-400. The more sites could uptake more CBZ onto the surface of sorbent in the rst step, which required more time. Table 3 The parameters of Langmuir, Freundlich and D-R for CBZ adsorption on these as-prepared biochar sorbents The pseudo-rst-order and pseudo-second-order kinetic models were applied to t the experimental data, and the corresponding equations were listed as follows:
Pseudo-rst-order model:
Pseudo-second-order model:
where Q e (mg g À1 ) and Q t (mg g À1 ) are the amounts of CBZ adsorbed onto the biochars at the equilibrium time and time t (min), respectively, k 1 (min À1 ) and k 2 (g mg À1 min À1 ) are the rate constants for the pseudo-rst-order and pseudo-secondorder kinetics, respectively. The linear tting results of pseudo-rst-order and pseudo-second-order kinetic models are shown in Fig. 6b and c, respectively. The corresponding kinetic parameters and the correlation coefficients are summarized in Table 5 . The correlation coefficient (R 2 ) of the pseudo-secondorder kinetic by the pseudo-second-order model, which suggests that the adsorption process of CBZ involve chemisorption related to valence forces through electron exchange or sharing.
To further understand the adsorption kinetic of CBZ onto asprepared biochars, the intra-particle diffusion model was used to t the adsorption data, and the model equation is shown as follows:
where Q t (mg g À1 ) is the adsorbate loading on the solid phase at
) is the intra-particle diffusion rate constant, and C (mg g À1 ) is the constant that is proportional to the thickness of boundary layer; the larger the value of C, the greater the boundary layer thickness. If the plot of t 1/2 vs. Q t is a straight line, the particle diffusion controls the adsorption process. If not, it means that more than one process controls the adsorption process. Fig. 6d and Table 6 show the kinetic data tted on the intra-particle diffusion model for the biochar samples. All biochar samples can be divided into three straight lines. The rst portion of the straight line represents the diffusion of CBZ from the boundary to the adsorbent surface, and the high k d1 indicates that the diffusion of CBZ from the boundary to the adsorbent surface is fast because the concentration of adsorbate in solution is high and only a little CBZ was adsorbed onto the surfaces of sorbent at the beginning of the adsorption. The high concentration difference could promote the diffusion of the adsorbent molecules to the outer surface of the solid adsorbent and accelerate the process of external mass transfer. The second portion is the pore diffusion and adsorption, where CBZ is transported to the pores of biochar and adsorbed on the inner surface of sorbent. The smaller k d2 illustrates the slow process of diffusion of the adsorbate molecules within the particles, and indicates that the diffusion particle limits the rate of the entire adsorption process as one of the major rate-limiting for the adsorption of CBZ onto biochar. The third portion corresponds to the adsorption equilibrium.
The very small k d3 shows that the diffusion rate in this stage is extremely slow, which can be attributed to the decreased poresize, increased electrostatic repulsion, and reduced driving force.
Thermodynamic analysis
Temperature is an important factor for adsorption process. The effect of temperature on CBZ adsorption was studied, and the adsorption isotherms of CBZ onto AB-700 at 298, 308 and 318 K are shown in Fig. 7a . As we can see, the adsorption capacity (Q e ) of CBZ onto AB-700 increased with increasing temperature, Table 5 The parameters of kinetics for CBZ adsorption onto as-prepared biochars
Sorbent
Pseudo-rst-order Pseudo-second-order Table 6 Intra-particle diffusion model constants for CBZ adsorption onto as-prepared biochars
Sample
Intra-particle diffusion model (11) and (12).
where R (8.3145 J mol À1 K À1 ) is the ideal gas constant, and T (K) is the temperature. K d is the thermodynamic equilibrium constant, which calculated by plotting ln(Q e /C e ) vs. Q e and extrapolating to zero Q e . 41, 42 The values of DH 0 and DS 0 can be directly obtained from the slope and intercept of the plot ln K d as a function of 10 3 /T of linear (Fig. S5 †) .
Thermodynamic parameters of CBZ adsorption on AB-700 is shown in Table 7 . The Gibbs free energy (DG 0 ) is negative, indicating that the adsorption process is spontaneous, 43 which is consistent with the adsorption isotherms shown in the Fig. 7a . The absolute value of DG 0 increases at higher temperature, which suggested that the driving force of adsorption and the affinity between CBZ and sorbent increased with increasing temperature. The enthalpy change DH 0 (11.59 kJ mol À1 ) >0 indicates that the adsorption process is endothermic, and when |DH 0 | < 20 kJ mol À1 , the adsorption process belongs to physical adsorption.
indicates that the adsorption process is the process of free increase of entropy. The increased system chaos suggests that the structure of the sorbent signicantly changed, which indicates that CBZ is easily adsorbed onto AB-700 but difficult to desorb from the sorbent.
Effect of pH on adsorption
The solution pH is a key factor in any adsorption process. The adsorption capacities of CBZ with different pH values are shown in Fig. 8 . It was observed that the adsorption capacity of CBZ slightly increases (from 234.2 to 236.7 mg g
À1
) with the increase of pH value (from 2.15 to 6.15) at acid, and then gradually reduces (from 236.7 to 178.7 mg g À1 ) when the pH increases from 6.15 to 11.72. This trend is consistent with the adsorption of CBZ onto graphene and carbon nanotubes. 45 In addition, Ncibi et al. 17 reported that the sorption of the CBZ on mesoporous activated carbons and multi-walled carbon nanotubes increased as the pH increased from 2 to 6 but decreased as the pH increased from 6 to 10. Brar et al.
11 also reported that the sorption of CBZ on pine-wood derived nanobiochar gradually increased as the pH increased from 2 to 6. When the solution pH is less than pH zpc , the adsorbent surface has a positive charge with the proton H + . When the pH of the solution is greater than the pH zpc value, the adsorbent surface is negatively charged with the OH À . The larger the pH zpc , the more positive on the surface of the adsorbent, the stronger the attraction to the anion, and the stronger the repulsion. The pH zpc of AB-700 is 4.46 ( Fig. S6 †) , which indicates that the surface of the AB-700 is positive at the solution pH < 4.46, otherwise the surface of the AB-700 is negative at the solution pH > 4.46. Under the investigated pH range (2.15 to 11.72), CBZ molecules remained unchanged, leading to a low electrostatic attraction with the charged AB-700. Therefore, the adsorption of CBZ onto AB-700 may be mainly controlled by hydrophobic, p-p interactions and hydrogen bonding.
Effect of ionic strength and reuse of sorbent
The effects of ionic strength on CBZ adsorption onto AB-700 are presented in Fig. 9a . We can see that the adsorption capacity of CBZ onto AB-700 is stable in the presence of 0.005 and 0.01 M of Na + ions. When the concentration of Na + ions was increased to 0.015 and 0.02 M, the adsorption capacity of CBZ onto AB-700 showed a slight decrease. It indicates that the effect of ionic strength is weak on the adsorption of CBZ. To evaluate the possibility of regeneration and reusability of the AB-700 for practical application, the reuse of sorbent was performed and shown in Fig. 9b . According to the TG curve of CBZ (Fig. S1 †) , the sorbent aer adsorption of CBZ was cycled using the heat-treatment method. Fig. 9b shows that the AB-700 still delivered an adsorption capacity of 158.4 mg g À1 for CBZ at the 4 th cycle, which is 58.6% of the initial adsorption. Considering the residual of thermal decomposition of CBZ on the surface of AB-700, we believe that as-prepared AB-700 is a great and reversible efficient adsorbent in potential practical application for wastewater treatment.
Adsorption mechanisms
Hydrophobic interaction may play an important role in the adsorption of CBZ on as-prepared biochar. Generally, the octanol-water distribution coefficient (K ow ) of organic pollutants can be used to predict the hydrophobic interaction between adsorbates and adsorbents, and high K ow indicates high hydrophobic interaction. However, the K ow of CBZ is only 2.45, suggesting that CBZ is relatively hydrophilic. Obviously, the weak hydrophobic interaction cannot explain the high adsorption capacity of CBZ onto AB-700. Therefore, the dominant role of hydrophobic effects can be excluded. Hydrogen bond may form between functional groups (such as COOH, OH and NH 2 ) of aromatic compounds and activated biochar. With the increase of solution pH value, the concentration of H + reduced, and the hydrogen bonding donor groups on CBZ can interact with hydrogen bonding acceptors or p donors in AB-700 and therefore the adsorption efficiency was enhanced. However, when the solution was changed to alkaline, the adsorption of CBZ onto AB-700 decreased. Therefore, hydrogen bond was not the predominant factor to control the adsorption of CBZ in this study. p-p electron donor-acceptor (EDA) interaction is specic and noncovalent, that exists between electron-rich and electronpoor compounds widely. 46 The possibility of p-p EDA interaction has been considered in the adsorption of aromatic compounds to carbon materials. Generally, donor strength increases with the p-system polarizability or electron-donating ability of substitutes, and acceptor strength depends on the electron-withdrawing ability and the number of substitutes.
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The activated biochar is a strongly p-donor because of these pelectron donor groups include the aromatic benzene rings and electron-rich OH. CBZ can be act as a p-electron acceptor due to the electron withdrawing capability of the amide group, whose N atom, along with the heterocyclic ring N, is in sp 2 congurations with their lone pairs of electrons delocalized in bonds with the electron-withdrawing carbonyl group. 15 Therefore, p-p electron donor-acceptor (EDA) interaction has been proposed to be the primary mechanism for the adsorption of CBZ onto activated biochar. Finally, the change trend of CBZ adsorption onto AB-700 may be attributed to that the p-p EDA interactions between sorbate-sorbent are sensitive to pH of solution.
To further support the adsorption mechanism discussed above, the XPS analysis of the initial AB-700 and the those with adsorbed CBZ were carried out, and shown in Fig. 10 . The elemental compositions (atomic%) on our AB-700 and pristine CBZ are presented in Table 8 . C is the main element (93.04%) on the surface of AB-700, and 5.79% of O presents in the form of C]O and C-O. In addition, 1.17% of N comes from the nature of pomelo peel. Aer adsorption of CBZ, the atomic% of O and N on AB-700 increases to 7.63 and 1.79%, respectively. According to the atomic ratio of O in CBZ molecule, the increased ratio of O might come from the adsorbed carbon dioxide on the AB-700. Fig. 10b shows the high-resolution N 1s spectra. The N 1s spectrum of AB-700 can be deconvoluted into two peaks at 399.0 and 400.9 eV, which are assigned to pyridinic-like, and pyrrolic-like N, respectively. The N 1s spectrum of pure CBZ shows two peak components at 399.8 and 400.2 eV, corresponding to the C-N and N-H in CBZ molecule, respectively. The N 1s of AB-700/CBZ indicates the overlay of AB-700 and pure CBZ, but all four peaks of N have a slight shi, which reveals the inuence on outer electron cloud density of N atoms due to interaction between adsorbent and adsorbate. Notably, the peaks of C-N and N-H in CBZ shis to 399.9 and 400.3 eV, respectively, which can be attributed to the p-p EDA interaction between AB-700 and CBZ. The p-electron donor groups on the surface of AB-700 can increase the electron cloud density of N atoms in CBZ molecule, resulting in the weak increase of binding energy of C-N and N-H in CBZ.
Conclusions
In summary, activated biochars were successfully synthesized through the carbonization of pomelo peel and further KOH activation. The characterizations showed that the activation temperature can signicantly inuence the microstructure and surface chemistry of these activated biochars. The adsorption properties of these activated biochars were investigated by the removal of CBZ from aqueous solution, and the results showed that the behaviors of CBZ onto these activated biochars were tted well by Langmuir and pseudo-second-order kinetic models, and the adsorption was mainly physisorption and controlled by the intra-particle diffusion. In addition, the adsorption of CBZ onto the as-prepared activated biochars were inuenced by the pore structure and surface functional groups, and the activated biochar showed a higher adsorption capacity of CBZ up to 286.5 mg g À1 . The thermodynamic analysis revealed that the adsorption of CBZ onto activated biochar (AB-700) were spontaneous and exothermic. The analysis of adsorption mechanism suggested that the adsorption of CBZ onto activated biochar was mainly dominated by p-p electron donor-acceptor interaction.
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